The performance of a full scale low height barrier prototype meant to attenuate tramway noise is measured in situ. The prototype is made of a simple L-shape assembly of pressed wood boards covered on the source side with fibrous absorbing material, and has been set up temporarily in a residential area in the town of Saint-Martin-d'Hères, near Grenoble, through which a tramway line passes. A series of pass-by measurements were made at a close receiver location corresponding to the typical height of human ears, with and without the device. The tram speed has been measured as well using an auxiliary microphone located very close to the track. A significant variability in pass-by levels has been found between the different trams, even when applying an approximate correction for speed. However it is shown that the barrier provides on average an attenuation of more than 10 dB(A), during the whole pass-by. Spectral analysis of the recorded signals is carried out as well to estimate the barrier insertion loss more accurately. Furthermore, comparisons between measurements and simplistic BEM calculations show that numerical predictions can yield rather good estimates of the actual in situ performance, within a few dB(A).
Introduction
It is now well-documented that long-term exposure to noise can cause several negative health effects among which reduction of the sleep quality, harm to cognitive abilities, as well as feeling of annoyance and decrease of performance [1, 2] . The issue of noise exposure is especially relevant in urban areas since more than half of the world population are urban dwellers, and many ground transportation noise sources coexist in such environments. Besides it seems necessary to tackle the issue of noise not only inside dwellings but also in outdoor urban areas, since according to the World Health Organization, 20% of the European population is exposed to noise levels exceeding 65 dB(A) during daytime [2] , whereas the maximum recommended level in outdoor areas during daytime is 55 dB(A) [3] .
A possibility to achieve this goal is to implement compact noise barriers specifically designed for urban areas, which have received significant attention in the past decade [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This type of device should be easy to implement in a constrained environment, such as a city canyon or along a urban train track, which would typically require its height to be limited. This is why those devices have been referred to as low-height noise barriers, "low height" typically meaning less than one meter high. They could be used for instance to acoustically isolate pedestrians walking on pavements from the traffic noise coming from the street, or to reduce the noise received by cyclists riding really close to a heavy traffic driveway. Low-height barriers could even decrease noise reaching buildings, for instance in case of elevated railroads inside cities.
Previous studies on low-height noise barriers mostly used numerical modeling and scale measurements to assess the efficiency of those devices. In [4] a simple type of absorbing lowheight barrier (pedestrian restraints) meant to mitigate noise in an urban canyon was tested using scale model measurements, and provided a traffic noise reduction of 8 dB(A) for pedestrians. Another porous traffic low-height barrier was modeled in [13] with an advanced time-domain method, and the predicted insertion loss reached 10 dB(A) depending on the type of vehicle and receiver locations. Baulac considered a typical urban traffic noise situation and optimized the shape and the treatment (mostly absorbing) of a low-height barrier using boundary element method (BEM) simulations and genetic algorithms [7] , and also showed that an insertion loss of 10 dB(A) is achievable. Simpler shapes have also been studied with scale modeling and showed that numerical simulations were in good agreement with the BEM [6] . Koussa also studied numerically and experimentally a type of low height noise barrier made of many rocks of different sizes (gabions) [11] , and the insertion loss ranged from 5 to 10 dB(A) in this case. He also studied numerically a so-called sonic crystal low height noise barrier for tramway noise mitigation made of parallel cylinders of different diameters. Those barriers can provide up to 6 dB(A) of attenuation by themselves, although when a rigid screen is added behind the sonic crystal the efficiency reaches 10 dB(A), and more than 15 dB(A) when both the cylinders and the screen are absorbent [10] . These results suggest the applicability of low-height noise barriers in urban situations. This was also confirmed by a full scale experiment in Lyon [12] , in which a vegetated low-height barrier was set-up close to a urban traffic lane, and which provided about 5 dB(A) of attenuation as well as an improvement of the subjective impression of the soundscape.
Many sources of noise coexist in urban environments, including road traffic (from light and heavy vehicles), but also tramways, which has become a concern as well. Indeed, based on the fact that a tramway is an environmentally-friendly non-polluting means of transport which helps reduce the traffic congestion in city centers, there has been a renewed development of this means of transportation in the past decade, for instance in several European cities (including Paris, Brussels and London). Tramway has hence become a significant urban noise source. Back in the seventies and eighties, several studies had already reported significant levels and annoyance due to tramways [20] [21] [22] . Along with the more recent tramway development, researchers have characterized physical emission levels of tramway-induced noise and vibration [23] [24] [25] [26] and annoyance [24, 27] . Tramway noise is all the more problematic since pedestrians and cyclists can be close to trams on a regular basis, and because the power levels of tramway noise sources are significant (above 90 dB(A) for typical urban speeds [26] ), the noise level perceived by nearby receivers can be quite high, well above 80 dB(A). However it has been shown that noise sources for modern tramway are mostly located close to the ground [26] . This suggests that a properly 2 designed low-height noise barrier can be efficient against tramway noise, even for receivers close to the tram track. One should however point out that the noise emitted from the roof due to the HVAC (heating, ventilation and air conditioning) system mounted on certain trams, and that a low-height protection would not attenuate, is significant only at low rolling speeds [26] . This source of noise could be tackled for instance by implementation of barriers directly on the tram close to the HVAC, and will not be considered here. A few types of tramway low height barriers have already been studied [10, [16] [17] [18] , and it has been emphasized that in this case the multiple reflections between the barrier and tram body strongly influence the insertion loss, and therefore treating the barrier for instance with absorptive material seems critical in this context. Nevertheless, the assessment of a noise barrier performance based on numerical calculations or scale model measurements is intrinsically biased, due to the idealization of the physical and geometrical features of a potential implementation site. For instance, in scale model measurements as well as numerical calculations, one or few ommidirectional sources are usually considered, whereas the actual noise sources of a tramway are a lot more complex due to their spatial distribution and directivity [26] . Moreover, the geometrical model of the tram itself is usually simplified and the body is assumed rigid, which is also an approximation. It is unclear how much those approximations matter for the actual performance of a low-height noise barrier. It seemed therefore necessary to actually build and set-up a full scale prototype in a real situation in order to assess what actual noise reduction performance can be obtained by such a barrier, and also to evaluate if numerical predictions and scale model measurements yield a reasonable approximation of the in situ performance.
In this work, the performance of a full scale low-height barrier prototype meant to attenuate tramway noise for nearby pedestrians is measured in situ. The design of the prototype and the choice of the implementation site are first discussed. The performed measurements are then presented and analyzed in order to evaluate in a quantitative way the noise reduction. Comparisons with simple BEM calculations are finally made to assess how close the numerically predicted performance are compared to the measured performance.
Preliminary considerations

Choice of the implementation site
The city of Grenoble and its nearby towns have developed in the past few years several tramway lines, which offers several options to achieve a full scale test of a tramway low height noise barrier. The choice of the implementation site for the prototype was then based essentially on a background noise consideration. Let us recall that our goal is to evaluate the performance of a low-height barrier in a realistic environment, which we will characterize by an insertion loss, that is a difference of level at a given receiver point with and without the barrier. However, this difference in level will be related to the effect of the barrier only if other surrounding sources of noise -which would not be attenuated by the barrier -do not influence the measured level too much. For this reason the background noise level of the implementation site should be sufficiently smaller than the measured level during the pass-by of a tramway, with and without the barrier. It is equivalent to state that the signal to noise ratio (SNR) should be sufficiently high, the signal referring here to the contribution of the pass-by of a tramway to the sound field, with and without the barrier, and the noise referring to the contribution of other surrounding sources in the environment.
A corollary of this consideration is that one should choose a site where the level due to the pass-by of a tramway is as high as possible, since this would enhance the SNR. This in turn 3 means that the speed of the tramway at the site should also be as high as possible, since there is a strong correlation between tramway noise power levels and speed [26] , as for most transportation noise sources. Finally, for practical reasons, assembling and disassembling of the prototype and measurements had to happen within one day only. Since the prototype itself has been built at the CSTB Grenoble site, the implementation site had to be not too far away to shorten transportation time. Based on these considerations, it has been chosen to set up the prototype on an asphalt bicycle trail running along the B line of the Grenoble tramway system, between the stops Les Taillées -Universités and Grand Sablon, opposite Antoine Polotti street in the town of Saint-Martind'Hères. A view of the site is shown in Fig. 1 . The environment is relatively quiet since this site is next to a residential area, with few cars passing on Antoine Polotti street. However tram passbys are quite loud, as we will see later, due to the fact that trams roll at relativity high speeds in this area, and probably also to the type of track, as it has been shown that this has a major influence on tram noise power levels [26] .
One can also notice the presence of a safety fence running along the tracks. This fence is an advantage for setting up the prototype since it will be easy to secure the installation of the noise barrier onto the fence in order to eliminate any risk of fall on the tracks. It is also believed that this safety fence has a negligible influence on the sound field.
It also turned out that inhabitants of this area have complained about noise emissions from the trams, and it therefore seems that this site would also be a good choice for installation of a long-term barrier, although this was not a requirement for the purpose of this work, which again is the evaluation of the performance of a low-height barrier prototype in a realistic environment.
Choice of the design
Due to time and feasibility constraints, a relatively simple design for the noise barrier prototype had to be retained. Previous studies showed however that it is essential to cover the face of the barrier directly exposed to the noise sources radiation with absorptive materials in order to 4 attenuate the multiple reflections happening between the tramway body and the barrier [16] [17] [18] .
Besides, the T-shape design has been shown to be quite efficient [16, 18] . Therefore, a simple L-shape covered on its interior part by fiberglass is proposed (see in Fig. 2 ). Indeed, preliminary calculations showed that the difference between the T and the L shapes has a limited influence on the acoustic performance, however the L-shape barrier is significantly easier to handle and to transport. Besides, one can point out that if a long-term barrier was set-up, it would be necessary to consider a sustainable absorptive material or to properly package the fiberglass in order to avoid any health hazard related to its presence. However in our case, since the prototype was meant to stay in place for a few hours only, it was found unnecessary to take such precautions. The length of the barrier also had to be limited namely for ease of transport and installation. The barrier therefore consists of 12 elements, each 1.85 m long, for a total length of a little more than 22 m. Trams running on the B line are Alstom Citadis 402 trams which are 43 m long, and therefore the barrier covers at most half of the tramway length, as shown in Fig. 3 . Each element is made of a simple assembly of two pressed wood boards -one 60 cm wide, the other 95 cm wide -bound together to form a right angle thanks to shelf brackets and a batten.
The boards are 22 mm thick, which was chosen to ensure the board to be considered acoustically rigid. Indeed, the bulk density of the pressed wood is about ρ = 700 kg/m 3 , and based on a simple mass law criterion, the transmission loss across the board is TL = 20 log πρe f /ρ 0 c 0 with f the frequency of interest, e = 22 mm the panel thickness, ρ 0 = 1.21 kg/m 3 the density of air and c 0 = 343 m/s the speed of sound. The frequency range of interest for tramway noise is from about 100 Hz to 4000 Hz [26] , which means that according to the mass law the transmission loss remains above 20 dB in this range, which is sufficiently large to neglect any transmission through the board.
Each element is bound to the next via a simple joint system: a rectangular piece of dense foam is glued on the side of the pressed wood boards, and several tied plastic clamps ensure compression of the joint, thus preventing strong acoustic leaks. Similarly, an insulating foam sleeve is put at the bottom of the structure to prevent leaks at the ground level. The compression in this case naturally happens thanks to the weight of the structure. Views of the barrier cross section and joint system are shown in Fig. 4 . 
Performed measurements
In this work, we are interested in assessing the benefit of the presence of a low-height barrier for a close receiver, typically a pedestrian or a cyclist, while a tramway is passing by. We therefore mostly need to measure the level at a receiver point located at the typical height of human ears. Two heights have been considered: 1.5 m, corresponding to a person standing, and 1.2 m, corresponding to a person sitting on a bench for instance. The horizontal distance from the safety fence is 3 m, which corresponds to a distance of about 3.5 m to the tramway side (see in Fig. 5 ). Finally the receivers are located in the vertical plane cutting the barrier in the middle of its length, which is where the noise barrier has the most important effect.
Pressure signals and levels were recorded by a B&K sound level meter (SLM) at the receiver locations. The SLM was set up to record the pressure signal in a WAV file (sampled at 48 kHz) and the equivalent A-weighted levels L Aeq,T over successive time periods of duration T = 100 ms. Binaural measurements were also made, although this type of measurement was not exploited 6 in this work. Besides, we used an auxiliary microphone (embedded in a cellphone) which was placed very close to the tracks, away from the shadow zone of the barrier, and meant to record the pass-by of the train without any influence of the barrier, which would allow us to determine the speed of the tram during the pass-by (more details will be given in section 3.1). The different devices are shown in Fig. 6 . Finally, SLM measurements are performed over a constant time interval of 15 s, each measurement being started manually by an operator whenever a tram is approaching. Besides, measurements are done for close trams -running the closest to the barrier, going from Grand Sablon to Les Taillées -and far trams -running the opposite way, towards the bridge over the Isère river (see in Fig. 7 ).
We therefore have eight different configurations of measurements for which the analysis will be performed, depending on:
• Receiver height: 1.5 m or 1.2 m.
• Presence of the noise barrier (we will refer to each case as with or without barrier).
• Proximity of the tram: close or far. Speed is an important parameter in pass-by levels measurements since it is highly correlated with noise sources power levels, as already pointed out. To avoid any bias in the evaluation of the noise reduction due to the barrier, as well as to study this correlation, it therefore seemed 8 necessary to evaluate the speed of the tram during each measured pass-by. One approach is to determine the pass-by duration and to use the known length of the tram to calculate the speed. Durations can be measured with infrared cells, as done in [26] , but one can also use the time history of the pass-by given by the L Aeq,T . Indeed, the passage of a bogie close to the microphone generates a bump in level which can be detected. From the knowledge of the corresponding instants, one can measure time intervals between the passage of the different bogies, and finally the speed assuming the distances between the bogies are known. However when the barrier is present, this bump is strongly attenuated, and therefore the measurement of the speed is more difficult. This is why an extra microphone was needed, located close to the tracks and away from the shadow zone of the barrier. Besides, the quality of the recording is not extremely important for this application, which is why using a simple cellphone microphone was enough.
Speed measurement from auxiliary microphone signal
A few examples of this process are shown in Fig. 8 . From the recorded WAV file, the signal is extracted and the L Aeq,T calculated by applying the A filter and averaging over intervals of 100 ms. All time histories present several bumps, corresponding to the pass-by of the bogie areas, since these sources emit more noise than the rail itself. This allows one to identify the instant at which each bogie passed in front of the microphone, which yielded the time interval ∆t between the pass-by of the first and last bogie. For the Citadis 402 tram, the bogies are separated by a distance of 11.15 m, and therefore the distance between the first and last is d 1 = 33.45 m (see in Fig. 9 ). Assuming the speed is constant during this interval, it can be calculated simply
There is of course uncertainty in this measurement since the bumps might not easily identifiable (see for instance in Fig. 8 bottom plots) and since the time interval ∆t is known with a precision of 0.1 s only. Measured time intervals typically vary between 2.0 and 4.0 s, hence the error varies between 2.5 and 5%. This yields a precision of 1 to 3 km/h in the speed, which for the purpose of this work is sufficient. Besides, it was found that taking a shorter averaging period made in general the identification of the bogie pass-bys more difficult. 
Measurement analysis and barrier effect
In this section different analyses of the measured data are proposed in order to evaluate the effect of the low-height noise barrier prototype in terms of noise reduction: first based on the equivalent pass-by level, then on the time histories of the L Aeq,T during the pass-bys, and finally on the spectrum of the recorded signals.
Pass-by equivalent level and speed dependence
First the correlation between noise level and speed is studied, in each measurement configuration. The equivalent A-weighted sound pressure level is chosen to quantify the level during the 9 pass-by, but one has to determine the time period of integration. Since the speed v of the tram is known for each pass-by, we set the period over which the equivalent level is calculated as the duration of the whole tram pass-by in front of the SLM, given by τ = d 2 /v and d 2 = 43 m is approximately the total length of the tram (see in Fig. 9 ). The result is referred to as the pass-by A-weighted equivalent level, written as L Aeq,pass , and calculated by logarithmic summation of the L Aeq,T in the corresponding time interval (see examples of this calculation in Fig. 10 ). The pass-by levels can then be plotted as a function of speed, for all configurations (see in Fig. 11 ). The range of tram speeds does vary depending on the configuration, with far trams typically rolling faster (from 40 to 65 km/h) than close trams (from 35 to 55 km/h). There also seems to be a little bias when the barrier was set up, since close trams rolled on average at 46.7 km/h without the noise barrier, but at 42.9 km/h with the barrier. Proper evaluation of the barrier performance therefore requires to correct for this effect.
Although there seems to be significant variability between the trams pass-bys, there is a positive correlation between levels and speeds in all cases. One can for instance assume a simple power-law dependence of the received power on speed, which in terms of the pass-by level in dB can be written as Table 1 for all configurations. One can notice the coefficients α vary a lot and have a large uncertainty, which suggests pass-by levels do not depend only on speed. Indeed defects in the tram can cause a great variability in levels between the different bogies, as seen for instance in Fig. 8 However, we will assume that tramway noise source power levels depend only on speed, as done in [26] . In order to evaluate the dependence of the power levels, one needs to avoid as much influence of propagation effects as possible. Besides, the configuration in which propagation will have the smallest effect is for the close tram without the noise barrier. We will therefore assume that the dependence of the source power levels can be approximated by the dependence of the pass-by levels for close trams (for both receiver positions). This yields a coefficient of α = 35±8, which is in good agreement with the value of 32.7 measured by Pallas et al. for a modern tram in the case of soft pads and pavings [26] , although the uncertainty is in our case still important. From now on, we will define the speed- Table 1) , which is a reduction on average of more than 10 dB(A) for close trams, and 7.5 dB(A) for far trams. One can already state that the effect of the barrier prototype, although its length is only half of that of the tram, is significant.
Analysis of the L Aeq,T time histories
Another way of measuring the effect of the barrier is to analyze the measured L Aeq,T time histories (again here T = 100 ms). This will allow one to have a closer look at the noise reduction effect considering a time dependence. However, since the measurements were not synchronized, one first has to process the histories in order for them to have a similar center time (instant at which the center of the tram is the closest to the SLM). Besides, one needs to correct for the effect of speed, both on time and level. This will then allow one to make an elementary statistical analysis of the time histories, by considering the mean and the dispersion of the levels as a function of time.
The center time t c of each time history is evaluated as the center time of the tram pass-by as defined in section 4.1. The centered time τ is then defined for each pass-by as τ = t − t c . The L Aeq,T levels and centered time τ are then corrected due to the speed dependence as:
Since the corrected histories are no longer defined on the same instants, a linear interpolation in time is made. An example of this process is shown in Fig. 12 . Mean and dispersion calculations are then made at each instant on the corrected histories, based on the different pass-bys for all measurement configurations. Results are shown in Fig.  13 . One can also notice that there is a strong variability of the levels, even after the speed correction is applied, which is certainly related to the different trams having different defects as pointed out earlier. Nevertheless, the main result from this approach is that, at the considered receiver locations, the noise reduction effect of the barrier is effective during the whole pass-by (attenuation of 4-7 dB(A) for far trams, and of 9-15 dB(A) for close trams), despite the small length of the barrier compared to that of the tram. Indeed, when τ is large in absolute value, a smaller portion of the tram -which as a first approximation can be approximated as the region where most of the noise is generated -is "hidden" by the noise barrier (see in Fig. 14) , and therefore one might have observed a negligible noise reduction effect. This aspect also strongly depends on the directivity of the sources in the horizontal plane, which is difficult to evaluate directly with simple SLM measurements. However, based on the fact that the barrier does have an effect even at large values of τ, it seems like the main noise sources of this type of tramnamely wheel radiation and rolling noise -have rather narrow horizontal directivity patterns.
One can also point out that the issue of noise reduction limitation due to the finite size of a noise barrier will be more important if the receiver was further away from the track, but in this case even without any noise barrier the received level would be smaller and therefore the pass-by of a tram might not cause as much of a nuisance. 12 
Spectral analysis and third-octave insertion losses
Instead of comparing broadband levels such as the L Aeq,T or the L Aeq,pass , one may wish to evaluate the insertion loss of the noise barrier for different third-octave bands, which would allow one to compare the measurement with BEM calculations. This can be achieved by performing simple spectral analysis of the recorded signals.
However, as stated above, the presence of background noise in the surrounding environment can bias the evaluation of the low-height barrier insertion loss. Although the site was relatively quiet, which means that broadband levels such as the L Aeq,T were sufficient above the background levels, this might not be true any more depending on which third-octave band is considered. We will therefore first analyze the data to find the frequency range in which the SNR was sufficiently good to evaluate the insertion loss accurately.
Effect of noise on insertion loss evaluation and considered frequency range
First of all, one can theoretically evaluate what is the influence of background noise on the evaluation of the insertion loss. Let P w and P wo typical pressure spectrum values at a given receiver location and in a given frequency band -they can be for instance the square root of the integrated value of the power spectral density (PSD) over a third-octave band -, with and without the noise barrier, in an ideal environment without any background noise. The ideal attenuation provided by the barrier is then A = P 2 w /P 2 wo and the insertion loss IL = −10 log A. However, in reality, what is measured is an approximate attenuation given byÃ = (P 2 w +N 2 w )/(P 2 wo +N 2 wo ), with N w and N wo typical spectra of uncorrelated background noises, which may be different between the measurement made with the barrier compared to that made without. Now define the quantity s w = P 2 w /N 2 w and s wo = P 2 wo /N 2 wo . These quantities are related to the signal-to-noise ratios SNR w and SNR wo by SNR w = 10 log s w and SNR wo = 10 log s wo . Then the ratio of the measured attenuation to the ideal attenuation is:Ã
Due to the sound attenuation provided by the noise barrier, one typically has P w < P wo . Besides, if one assumes the background noise levels to be similar, that is N w ≈ N wo , one has s w < s wo (which also means SNR w < SNR wo ) and therefore from Eq. (1), one hasÃ > A, that is IL < IL, where IL is the estimated insertion loss in the presence of noise. This means that in most situations, the insertion loss measured in the presence of noise will be under-evaluated. Now, say that we can ensure the two SNRs are above a certain value SNR min . It is equivalent to state that s w,wo > s min with s min = 10 (SNR min /10) . Using this relationship in Eq. (1), we have:
Defining the error on the measured insertion loss as ∆IL = IL − IL > 0, this last equation can be rewritten as ∆IL < ∆IL max with:
∆IL max = 10 log 1 + 1/s min = 10 log 1 + 10 −(SNR min /10) ∆IL max is an indicator of the error on the insertion loss measured value, which is related to the minimum SNR. This relationship can therefore be used to find an appropriate value of SNR min in order to have a limited error on the insertion loss. Say we would like the error on the insertion loss to be less than ∆IL max = 0.5 dB, the corresponding minimum SNR will be: SNR min = −10 log 10 (∆IL max /10) − 1 = 9 dB
One can therefore use this criterion to select the frequency bands in which the barrier insertion loss will be evaluated correctly (within 0.5 dB), without too much influence of the background noise. The SNR over each third-octave has been evaluated by considering the signal portion of each recording as the tram pass-by (as defined in section 4.1) and the noise portion as the initial or last two seconds of the recording (depending on the pass-by center time). The third-octave levels of the signal are calculated by integration of the PSD of the signal portion over the corresponding band. Similar calculations are performed to evaluate the third-octave levels of the background noise. An example is shown in Fig. 15 . Applying this process for all the recordings, it has been found that for 90% of them the SNR was above 9 dB in the frequency range [200 Hz -2500 Hz], which will be the range of study in the rest of this section. Indeed, it has been noticed that tramway noise emissions at low frequencies are usually comparable to typical background noise, and that at higher frequencies, birds singing significantly increase the background noise between 3 and 4 kHz. 
Measured third-octave insertion losses
Now that the trusted frequency band has been determined, one can calculate for a given configuration the insertion loss of the low-height barrier from third octave levels without the barrier, averaged over all measurements, minus averaged third octave levels with the barrier. Apart from the uncertainty due to the background noise, there is some variability in this evaluation which can be quantified by classical uncertainty calculations. Results are presented in Fig. 16 . First of all, it is clear that the low-height barrier provides attenuation over the whole considered frequency range, both for close and far trams, although the attenuation is a lot higher for close trams. One can also notice that at the receiver height of 1.20 m, the performance of the noise barrier for far trams is increased at high frequencies compared to that measured at 1.50 m, which is consistent with the fact that one receiver is deeper into the shadow zone than the other. This difference between the two receiver heights is however smaller for close trams, since both receivers are well into the shadow zone in this case.
One can then consider a broadband insertion loss in dB(A) in the considered frequency range -200 to 2500 Hz. Levels are first converted to dB(A) by applying the A-weighting correction to 15 
in which L wo A, j (resp. L w A, j ) are the A-weighted third-octave levels in the band of index j without the barrier (resp. with the barrier). Corresponding uncertainties are evaluated as well. Results are shown in Table 2 . As already mentioned, the difference between the two receiver heights is significant for far trams, but not for close trams. It is however surprising that, in the close tram case, the mean insertion loss is smaller at 1.2 m than at 1.5 m. Let us recall that there is significant uncertainty in the evaluation of the measured broadband performance and therefore these results should be considered accordingly.
Besides, these results are a little different than the first estimate of the broadband insertion loss shown in section 4.1, which might be due to the fact that no speed correction was applied on the third-octave levels, and also since the evaluation based directly on the measured passby levels was evaluated on a larger frequency band, but was also more subject to error due to the background noise implicitly present in the levels estimation. The choice not to apply a speed correction on the third-octave levels was based on the fact that such a correction should be dependent on the considered third-octave band (as done in [26] ), but in our case it has been found that the uncertainty on the regression coefficients was very high for most frequency bands and therefore the coefficients not meaningful.
Comparison with simple BEM calculations
The third-octave insertion losses calculated in the previous section can now be compared to 2D BEM calculations. It is expected that the results of the BEM predictions will be different 16 from the measurements since the situation modeled in the numerical simulations will be a lot simpler than the real environment: infinitely extended geometry, omnidirectional coherent line source, position of the sources, approximate geometry, approximate acoustic properties of the surrounding surfaces (ground, tram and low-height barrier). It would however be interesting to have an estimate of this difference. Due to the lack of more accurate data, the ground and the tram are assumed perfectly rigid in the numerical model, as well as the pressed wood boards in which the barrier is made. The fiberglass is assumed to be a fibrous layer modeled with the Delany and Bazley model [28] , with a flow resistivity of σ = 30 kPa.s/m 2 and a thickness of d = 8 cm. Two sources located at each rail are considered, and their contributions are summed incoherently. Two receivers respectively located at heights of 1.20 m and 1.50 m are considered, similarly to what has been done in the measurements. The geometries used in the simulations are presented in Fig. 17 . The spectral content of the sources is not important to estimate the third-octave insertion losses, but will be added when evaluating the broadband insertion loss. Comparison between BEM and measured third octave insertion losses are presented in Fig.  18 . Although significant differences exist, one can notice the general trends are relatively wellrepresented in the BEM calculation. Nevertheless, in the close tram case, the performance is largely overestimated at low and high frequencies.
There is also a uniform overestimation of the BEM in the far tram case, which may be due to a ground effect happening in reality which is not taken into account in the calculation (since the ground has not been characterized properly on site), or to the finite extent of the barrier. Besides, some peaks and dips in the insertion loss curve, probably related to interference effects, are typically more marked in the BEM calculation compared to the measurements, which is probably related to the simple modeling of the noise sources (coherent line source).
Furthermore, one can evaluate a broadband insertion based on the BEM predicted insertion losses, using a measured spectrum. Let L in A, j the mean A-weighted levels measured without the barrier for a given configuration, taken as an estimate of the power spectrum of the source. One can then evaluate the broadband insertion loss in the 200-2500 Hz range based on this spectrum and third-octave insertion losses IL j as: IL * 200-2500 = 10 log j 10 (L in A, j /10) − 10 log j 10 (L in A, j /10) 10 (−IL j /10)
which is a similar definition than that given in Eq. (2) . The values IL j can be taken as measured values or calculated values. For the BEM predictions, calculations are made with 20 frequencies per third-octave using the geometry shown in Fig. 17 , with and without the low-height barrier. Besides, in each case the two source contributions are summed incoherently. Results are summarized in Table 3 . Measured values are slightly different from those given in Table 2 since in  Table 3 the evaluation is based on an average source spectrum and average attenuations, whereas in Table 2 the evaluation was based on the difference between broadband average levels. This distinction was necessary since BEM calculations cannot predict broadband levels directly (due to the 2D approximation), which implies that in order to compare measured and predicted performances, one therefore has to use third-octave insertion losses and one source spectrum, as done in Eq. (3). One can notice in the far tram case a difference of about 3-4 dB(A) between the measured and calculated broadband insertion loss for both receiver heights. This difference is smaller in the close tram case (1-2 dB(A)). Furthermore, although the BEM predicts a significant difference in the close tram case between the two receiver positions, which is consistent with the fact that one of them is deeper in the shadow zone, this is not observed in the measurement as pointed out in the previous section.
The main result of this comparison between attenuations obtained from simple 2D BEM calculations and from in situ measurements is that, even though many features of the problem are not reproduced in the model, calculations yield results which are at least in the ballpark of in situ measurements -that is within a few dB(A) -, especially for the close tram case which is the one we are mostly interested in. This suggests that BEM numerical predictions are likely to represent the in situ performance -that is the broadband insertion loss -of such low height noise barriers, with an accuracy of a few dB(A).
Conclusion
A full scale prototype of a tram low height noise barrier has been built and implemented in a real environment, along the B line of the Grenoble tramway system, in the town of Saint-Martind'Hères. A simple L-shape design made of pressed wood and fiberglass, for a length of 22 m, is proposed. The design of the noise barrier as well as its length were chosen essentially to cope with feasibility and time constraints. A series of pass-by measurements were performed at a close location from the tram track, at two different heights, with and without the noise barrier. The tram speed has been measured as well using an auxiliary microphone located very close to the track.
First, a positive correlation has been found between pass-by equivalent level and speed, in agreement with previous studies. This was used to approximately correct for the speed in passby equivalent levels and time histories. Although a significant variability is found between the different trams, it is shown that the barrier provides on average an attenuation of more than 10 dB(A) for close trams, and of more than 5 dB(A) for far trams, during the whole pass-by, and not only when the barrier covers most of the tram length.
The effect of the noise barrier in the frequency domain has been studied as well. It is found that the barrier provides attenuation in the whole frequency range 200-2500 Hz (which is the range in which the effect of the barrier could be evaluated accurately), which yields a broadband insertion loss in this range of 13 dB(A) for close trams, and 5 dB(A) for far trams. Simplistic BEM calculations are made as well, and it is found that although the environment is highly idealized in the calculations, predictions yield rather good estimates of the actual in situ performance, within a few dB(A), especially for the close tram case.
Finally, based on the experimental data collected during this work, one can state that low height noise barriers can be efficient solutions to attenuate tramway noise for close receivers, namely pedestrians and cyclists. It is also likely that this type of noise protection could be efficient as well against any urban noise source located close to the ground, as long as it can be placed close to the source. More efficient -using more complicated shapes or more efficient sound absorbing materials -and more sustainable -for instance using vegetation or natural materials -designs could certainly be achieved as well, which will truly make low-height barriers both efficient and sustainable solutions to decrease the issue of noise exposure outdoors in urban areas.
